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Abstract A computational approach was proposed to study
monomer–template interactions in a molecularly imprinted
polymer (MIP) in order to gain insight at the molecular level
into imprinting polymer selectivity, regarding complex
formation between template and monomer at the pre-
polymerisation step. This is the most important step in MIP
preparation. In the present work, chlorphenamine (CPA),
diphenhydramine (DHA) and methacrylic acid (MAA), were
chosen as the template, non-template, and monomer,
respectively. The attained complexes were optimised, and
changes in the interaction energies, atomic charges, IR
spectroscopy results, dipole moment, and polarisability were
studied. The effects of solvent on template–monomer
interactions were also investigated. According to a survey
of the literature, this is the first work in which dipole
moment and polarisability were used to predict the types of
interactions existing in pre-polymerisation complexes. In
addition, the density functional tight-binding (DFTB)
method, an approximate version of the density functional
theory (DFT) method that was extended to cover the
London dispersion energy, was used to calculate the
interaction energy.
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Introduction

Molecularly imprinted polymer (MIP) is a kind of tailor-
made material that has high affinity and selectivity for its
template because of recognition sites formed in the polymer
in the presence of the template. These sites remain after
template removal, and remain able to rebind the template
again. Combining the advantages of high selectivity, ease of
preparation and economical synthesis, MIPs have recently
attracted extensive attention [1].

MIPs have a great variety of applications, including
chromatographic separations [2], molecularly imprinted
solid phase extraction (MISPE) [3], sensors [4], drug
delivery [5], membranes [6], and enantioseparation [7]. In
addition, they are widely applied in biosensors in place of
natural receptors and enzymes due to their superior stability
and low cost [8–10].

MIP preparation is a simple procedure, but finding the
best monomer, presenting the highest interaction with the
template in order to achieve high selectivity and rebinding
capacity is of great importance. Computational studies are
useful methods with which to choose the most suitable
monomers for imprinting polymers [11].

Dong et al. [12] chose the proper monomer to create the
imprinted polymer of theophylline with the aid of compu-
tational methods. To evaluate the interactions between the
template molecule and the monomer quantitatively, they
measured the binding energy. Dineiro et al. [13] employed
density functional theory (DFT) calculations to select the
optimum functional monomer and porogenic solvent to
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construct a recognition element for the dopamine metabo-
lite homovanillic acid. In the studies conducted by
Chianella et al. [3], molecular modelling based on the
LEAPFROG algorithm was used to identify the best
candidates for the molecular imprinting of abacavir. For
the examination of MIP properties at the molecular level,
Liu et al. [14] utilised the MMFF94 force field to calculate
the interaction energies, which could be easily scaled-up for
screening molecular imprinted systems. Monti et al. [15]
used combined molecular dynamics (MD), molecular
mechanics (MM), docking and site mapping computational
techniques to simulate the formation of the possible
imprinted polymers in an acetonitrile solution for theoph-
ylline. Indeed, in general, computational methods play a
complementary role in experimental science [16–19].

The formation of a complex between the template mole-
cule and the functional monomers in the pre-polymerisation
step is the most effective step in MIP preparation, facilitating
the polymerisation step [11]. MIPs prepared after a pre-
polymerisation step demonstrate a higher selectivity and
affinity toward the template.

In this study, an attempt was made to simulate the
complex formed between the template/monomer and the
non-template/monomer. Chlorphenamine (CPA) was cho-
sen as template, its structural analogue diphenhydramine
(DHA) as non-template, and methacrylic acid (MAA) as
monomer. CPA is a histamine H1 antagonist of the alkyl
amine family and is commonly used for the treatment of
rhinitis, allergy, common cold, asthma and hay fever. DHA
often co-exists with CPA in cough- and cold-syrups. As
shown in Fig. 1, the structures of the two molecules are
very similar. Since it is important to determine CPA in
syrups and human serum to calculate optimal doses, a
simple and economic way to separate and determine these
two components is required. The CPA-imprinted polymer
was prepared previously [20–22]. The reported data can be

used to check the new methodology for the CPA imprinted
polymer design. Although Mahato reported that CPA and
DHA can be separated by reversed-phase ion-pair HPLC,
this method is highly labour-intensive [23].

For the assessment of the template and monomer affinities,
the binding energy (ΔE) of the template and the monomer can
be used as a measure of their interaction [24–28]. As a new
approach, additional parameters (e.g. changes in atomic
charges, IR frequencies, dipole moment, and polarisability)
were investigated. According to a survey of the literature,
this is the first work in which the dipole moment and
polarisability have been involved in predicting the interac-
tion types that exist in pre-polymerization complexes. The
estimation of MIP selective sites in such a way leads to the
creation of a new method that identifies the interactions
participating in imprinted sites.

Computational methods

Hardware and software

All computer simulations were undertaken at the Institute of
Petroleum Engineering Supercomputer Center on a PC with
an Intel Pentium 4, 3.20 GHz CPU, 4 GB memory, and
260 GB hard disk. The software used in this work consisted
of HyperChem 5.1 [29], Gaussian 98 [30], and Gamess [31].

Geometry optimisation and energy calculation

In the first step, 3-D chemical structures of the monomer,
template, and non-template were generated using Hyper-
Chem 5.1 software, which itself performed an initial
optimisation using the AM1 method. The remaining
calculations were then performed using Gaussian 98
software, which is an electronic structure package capable
of predicting many properties, such as energies, structures,
and vibrational frequencies, of atoms, molecules, and
reactive systems. Full geometry optimisations and frequen-
cy calculations were performed and each species was found
to be at minima by having no negative values in the
frequency calculation.

The DFT calculation, which is commonly applied to MIP
studies [11, 12, 32], has the advantages of high accuracy
level of information, reliability, and reasonable computa-
tional costs in comparison with other computational
methods (e.g. ab initio). Therefore, DFT was selected to
set up the calculations. The geometry optimisations were
performed at the B3LYP/6-311+(d,p) level—a type of DFT
method that considers electronic correlation energy. This
level usually provides better results for weak interaction
systems compared with the Hartree-Fock method. Owing to
the rather large size of CPA and DHA, the 6-311+(d,p)

Fig. 1 Chemical structure of a diphenhydramine (DHA), and b
chlorphenamine (CPA)
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basis set was quite satisfactory for this study. In addition,
the density functional tight-binding (DFTB) theory was
used in order to obtain more precise and reliable results.
The DFTB methods are a group of precise quantum
mechanical (QM) calculations for computational studies
and include the empirical London dispersion energy term
DFTB-D, which has been proved very suitable and accurate
for calculations of interaction energy and H-bonding [33].

Results and discussion

Figure 2 shows a schematic representation of molecular
imprinting steps including polymer synthesis and template
removal. The cavity with functional groups complementary
to template remains after template removal, thus the
template can rebind the polymer again.

Complex formation

Traditionally, MIPs have been divided in two main
categories—covalent and non-covalent—based on the types
of interaction existing between the template and the
monomer. However, the non-covalent approach is used
more extensively. In non-covalent MIPs, there is no need
for the synthetic step in monomer–template complex

formation, and template removal is easier during the
washing step [34].

In a non-covalent MIP, the interactions contributing to
ΔE between the template and the monomers are ionic
bonds, hydrogen bonds, van der Waals interactions, and
dipole–dipole interactions. In order to investigate the
selectivity of the monomers to the template, it was
necessary to consider all the above-mentioned interactions.

As indicated in several previous studies, hydrogen
bonding is the most important interaction in non-covalent
imprinted polymers [11, 35]. Thus, in this study, complex
level was determined by the number of hydrogen bonds
formed between the functional monomer and the template,
or non-template. CPA has three main functional groups, all
of which are proton acceptors, while DHA has two
functional groups. Consequently, these molecules can
possibly participate in three and two hydrogen bonds,
respectively. CPA-MAA (1:1), CPA-MAA (1:2), CPA-
MAA (1:3), DHA-MAA (1:1), and DHA-MAA (1:2)
complexes were optimised. The optimised structures of
MAA, CPA, and DHA are shown in Fig. 3.

Prior to set (1:1) complex optimisation, a scan was done
to determine the best interaction site between template and
monomer.

Therefore, DFT calculations were performed at different
angles between template and monomer. For each angle, the

Fig. 2 Schematic representation of the imprinting polymer process
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corresponding energy was calculated and the optimised
angle obtained. The interaction energies between the
monomer(s) and the template or its analogue were
calculated to quantitatively assess the interaction between
the studied molecules.

ΔE calculations

Firstly, the geometry optimisation and the energy calcula-
tion were performed for the template, the non-template, and
the monomer individually. The obtained structures were
applied to the complexes formed between the template or
its analogues and the monomers. The interaction energies of
the template with the monomer(s) can be calculated from
Eq. 1:

ΔE ¼ E complexð Þ � E template or non� templateð Þ
�ΣE monomersð Þ

�
�
�
�
�

�
�
�
�
�

ð1Þ
The calculated values are listed in Table 1. According to

earlier studies, complexes with higher ΔE provide MIPs
with higher selectivity [1, 11–13]. From the results in
Table 1, it can be concluded that the order of the molecular
interactions is as follows: CPA-MAA (1:3) >CPA-MAA
(1:2) > DHA-MAA (1:2) > CPA-MAA (1:1) > DHA-MAA
(1:1). These results show that CPA-MAA (1:3) is the most
stable complex, and that CPA interacts strongly with the
three MAA molecules. The basis set superposition error
(BSSE), which often substantially affects the calculated
stabilisation energies, was corrected by means of the
counterpoise method [36, 37]. The interaction energies
changed a little after BSSE correction. For example, the
values changed from 65.409 to 67.527 kcal mol−1 for CPA-
MAA (1:3) and from 31.055 to 32.984 kcal mol−1 for

DHA-MAA (1:2). The order of interaction energies
remained the same.

Figure 4 depicts the optimised structures of CPA-MAA
(1:3) and DHA-MAA (1:2). For clarity, Fig. 4 shows only
those hydrogen atoms with large atomic charge alterations.

In the experimental study reported for CPA imprinted
polymer, the selectivity of the imprinted polymer was
evaluated by comparing the retention of CPA and its
structural analogue diphenhydramine on an HPLC column
packed with the CPA imprinted polymer [20]. The capacity
factor of CPA on the imprinted polymer was 4.68, but for
diphenhydramine it was only 0.405 [20]. The higher
capacity factor for CPA shows the selectivity of MIP
toward CPA; our computational results also show a higher
interaction energy between CPA and MAA. Therefore,
these experimental results confirm the reliability of our
computational method.

Table 1 Binding energies between the template, the non-template and
the monomer(s)

Energy
(Hartree/
particle)

ΔE (interaction
energy) in gas
phase (kcal/mol)

ΔE (interaction
energy) in
solvent (kcal/mol)

MAA 306.284 −
CPA 1,190.284 −
DHA 789.839 −
CPA-MAA 1,496.595 16.678 27.458
CPA-(MAA)2 1,802.906 33.726 64.259
CPA-(MAA)3 2,109.241 65.409 (69.254)a 97.321
DHA-MAA 1,096.149 16.177 24.957
DHA-(MAA)2 1,402.458 31.055 (34.841)a 52.294

MAA Methacrylic acid, CPA chlorphenamine, DHA diphenhydramine
a Values in brackets represent interaction energies calculated by the
density functional tight-binding (DFTB) method

Fig. 3 Optimised structures of a methacrylic acid (MAA), b CPA, c DHA
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Atomic charges

Table 2 summarises the atomic charges in CPA and DHA. It
should be mentioned that, to avoid presenting a large
amount of data, only those atoms exhibiting significant
changes in their atomic charges after complex formation are
shown in the table. The atomic charges of atoms partici-
pating in complex formation changed more significantly in
comparison with those of other atoms (Fig. 4). From these
changes, it was deduced that, in CPA and DHA, atoms
participating in final complex formation were N10, N15, Cl19
H20, H29, H37 and N17, O14, H31, and H32, respectively.
Furthermore, to select the most stable complex, the changes
in atomic charges in the interaction sites were compared
before and after complex formation. As the interactions
between the monomer and the template become stronger,

the changes in the atomic charges increase. It was obvious
that the charge variation after complex formation was more
significant in CPA-MAA (1:3) than in DHA-MAA (1:2).

IR vibration

The vibrational frequencies of MAA, CPA, and DHA
before and after complex formation at the B3LYP/6 31G
level of theory were calculated.

The O–H group on MAA is the most important
functional group in hydrogen bonding. The single monomer
is considered a peak, representing the O–H stretching bond
located at 3,630.48 cm−1 and 41.428 intensity. Depending
on the strength of hydrogen bonding formed between MAA
and CPA or DHA, the peak intensity increases and shifts to
lower frequencies. Figure 4a and b show the changes of O–

Fig. 4 a The (1:3) complex
formed between CPA and
MAA. b The (1:2) complex
formed between DHA and
MAA. The frequencies (cm−1)
and intensities (values in paren-
thesis) of O–H bond stretching
after complex formation are
indicated
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H stretching bond values after complex formation. The
values before brackets represent the frequencies (cm−1) and
the values inside brackets represent the intensities. It is
obvious that O–H stretching frequency moved to lower
frequencies after complex formation, and this is more
marked in CPA-MAA (1:3) than in DHA-MAA (1:2).

Dipole moment and polarisability

Dipole moment and polarisability values were another
proof of the functional monomer tendency toward the
CPA molecule. Polarisability is the relative tendency of a
charge distribution, like the electron cloud of an atom or
molecule, to be distorted from its normal shape by an
external electric field. Dipole moment refers to the quality
of a system to behave like a dipole. Dipole moment is the
measured polarity of a polar covalent bond and is defined
as the product magnitude of charge on the atoms and the
distance between the two bonded atoms. The initial step in
formation of a complex is the similarity of some physical
properties in the species, which is necessary for specific and
tight binding. The 3D electrostatic field surrounding each
molecule plays a crucial role in this step. When molecules
approach each other, the initial contact arises from long-
range electrostatic forces, which can be separated into three
interactions: electrostatic, inductive, and dispersive. The
first type of interaction is more effective than the others and
appears between polar molecules that carry charge or
possess a permanent dipole moment.

Table 3 shows the dipole moment and polarisability of
the monomer, the template, and the non-template. All three
molecules are polar. The presence of a heterogeneous atom

at the end of the structure (like the Cl atom in CPA) pulls
the electrostatic field surrounding the molecule and
increases the dipole moment. Therefore, the dipole moment
of CPA is greater than that of DHA, which means that CPA
creates a stronger dipole–dipole interaction with polar
compounds than DHA.

In line with the polarisability and the dipole moment, the
type of interaction in CPA is dipole–dipole, whereas in
DHA dispersion interaction took place. Since the dipole–
dipole interaction is stronger than that of dispersion, the
monomers selectivity to the CPA template is greater in
comparison to that towards the DHA template.

Computer simulation in solvent

Solvents with various dielectric constants and hydrogen
bonding capacities influence the template/monomer inter-
action differently. Thus, in this study we set up a single
point calculation in order to investigate the solvent
(chloroform) effect on template/monomer non-covalent
interactions. We chose chloroform because it was used as
a solvent in former experimental work [20]. The conforma-
tions obtained in gas phase were used to calculate the
interaction energies in chloroform from Eq. 1, and the

Table 3 Dipole moment and polarisability of the monomer, the
template and the non-template

Dipole moment (Debye) Polarisability

MAA 1.777 57.299
CPA 4.398 169.091
DHA 1.138 204.633

Table 2 Atomic charges in CPA and DHA before and after complex formation

Atomic charge

No. Atom Individual (1:1) complex (1:2) complex (1:3) complex

CPA 2 C −0.0991 −0.0963 −0.0963 −0.121
10 N −0.4419 −0.4413 −0.5855 −0.5870
13 C 0.2099 0.3186 0.3149 0.315
15 N −0.4182 −0.6099 −0.6063 −0.6081
17 C 0.0096 0.0697 0.0700 0.0700
19 Cl 0.0516 0.0581 0.0631 0.0342
20 H 0.1543 0.1562 0.1575 0.2144
29 H 0.1402 0.1416 0.1990 0.1994
32 H 0.1420 0.1437 0.1991 0.1989
37 H 0.1456 0.2181 0.2185 0.2184

DHA 7 C −0.0261 −0.0303 −0.0564 -
14 O −0.5436 −0.5468 −0.5895 -
15 C 0.0146 −0.0044 −0.0696 -
17 N −0.4501 −0.5840 −0.5944 -
31 H 0.1203 0.1478 0.1780 -
32 H 0.1505 0.1651 0.2053 -
40 H 0.1423 0.2048 0.2055 -
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obtained ΔE values reported in Table 1 confirm that
chloroform increased monomer/template interactions in
comparison to those of the gas phase. Since chloroform is
an aprotic solvent with low dielectric constant, it is likely to
lead to large interaction energy between the template and
the functional monomer [32].

Conclusions

This work presents a computational model for the study of
MIP selectivity. Chlorphenamine was chosen as a template
to examine the validity of this approach. The interaction
energies, dipole moment, polarisability, and IR spectrosco-
py results obtained from the computational optimisation
indicated that CPA was more strongly bonded to the
monomer in comparison with its analogue DHA, and each
template molecule interacted with three functional mono-
mers. Moreover, atomic charge alterations before and after
complex formation provided details about the atoms taking
part in hydrogen bonding.

In the field of molecular imprinting, the number of
articles based on computational predictions is limited in
comparison with articles describing experimental studies.
We believe that rational computational MIP design in its
various steps is safe, economical, consumes no reagents,
and can be used instead of the trial and error method. In
order to find the best monomer for a particular template, it
is easy and economical to calculate the interaction energies
between the template and different monomers in solution
before MIP synthesis.
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